The fatty acid-binding protein (FABP) gene family, which encodes a group of fatty acid-trafficking molecules that affect cellular functions, has been studied extensively in mammals. However, little is known about the gene structure, expression profile, and regulatory mechanism of the gene family in chickens. In the present study, bioinformatics-based methods were used to identify the family members and investigate their evolutionary history and features of gene structure. Real-time PCR combined with in vivo and in vitro experiments were used to examine the spatiotemporal expression pattern, and explore the regulatory mechanism of FABP genes. The results show that nine members of the FABP gene family, which branched into two clusters and shared a conserved FATTYACIDBP domain, exist in the genome of chickens. Of these, seven FABP genes, including FABP1, FABP3-7, and FABP10 were abundantly expressed in the liver of hens. The expression levels of FABP1, FABP3, and FABP10 were significantly increased, FABP5 and FABP7 were significantly decreased, and FABP4 and FABP6 remained unchanged in hens at the peak laying stage in comparison to those at the pre-laying stage. Transcription of FABP1 and FABP3 were activated by estrogen via estrogen receptor (ER) α, whilst FABP10 was activated by estrogen via ERβ. Meanwhile, the expression of FABP1 was regulated by peroxisome proliferator activated receptor (PPAR) isoforms, of which tested PPARα and PPARβ agonists significantly inhibited the expression of FABP1, while tested PPARγ agonists significantly increased the expression of FABP1, but downregulated it when the concentration of the PPARγ agonist reached 100 nM. The expression of FABP3 was upregulated via tested PPARβ and PPARγ agonists, and the expression of FABP7 was selectively promoted via PPARγ. The expression of FABP10 was activated by all of the three tested PPAR agonists, but the expression of FABP4-6 was not affected by any of the PPAR agonists. In conclusion, members of the FABP gene family in chickens shared similar functional domains, gene structures, and evolutionary histories with mammalian species, but exhibited varying expression profiles and regulatory mechanisms. The results provide a valuable resource for better understanding the biological functions of individual FABP genes in chickens.
Introduction
Fatty acids (FAs) serve in fat synthesis, assembly, and storage in different cellular substructures including the mitochondria, peroxisome, endoplasmic reticulum, lipid droplet, and nucleus [1] . Their hydrophobic nature requires carrier protein assistance for FA transport.The FABP gene family can bind long-chain fatty acids (LCFAs) (C12-20), suppress the stain remover-like properties of FA, and traffic these ligands to various cellular compartments [2] . Several functions of FABP genes have been described: (a) mediating the anabolism or catabolism of lipid metabolic pathways; (b) maintaining levels of intracellular fatty acid; and (c) regulating the transcription of FA-responsive genes [3, 4] .
The FABP gene family is one category of the intracellular lipid-binding protein (iLBP) superfamily, which also includes cellular retinol-binding proteins (CRBPs) and cellular retinoic acid-binding proteins (CRABPs) subfamilies [3] . Atotal of 12 FABP genes have been identified in vertebrates until now, but not all members of FABP genes occur in the same species [4] . For example, FABP10 and FABP11 have only been proposed in nonmammalian vertebrates, like teleost fishes [5] , while FABP12 appears restricted to mammals, such as human [6] . All vertebrate FABP genes possess four exons separated by three introns [7] , and contain a classical three-element finger print domain shared by three motifs termed FATTYACIDBP 1-3 (Kyoto Encyclopedia of Genes and Genomes; PRINTS: PR00178) [8] . Although these motifs have a low homology, they still share a similar β-barrel tertiary structure, which is designed to provide an internal cavity that serves as a binding site for hydrophobic ligands [9] . In mammals, as an enhanced adaptation of genes to the environment, diverse FABP genes may have evolved to enable cytoplasmic transport of distinct ligands [10] . The FABP family is derived from a single ancestral gene encoding a lipid-binding protein and forms three clusters, according to phylogenetic analysis [11] . Cluster 1 includes FABP1 and FABP6, whose proteins bind hydrophobic groups such as heme, acyl-CoA, and bile acids (BAs). Cluster 2, the largest subfamily, includes FABP3, FABP4, FABP5, FABP7, FABP8, and FABP9, whose products bind LCFAs, eicosanoids and retinoids [12] . Cluster 3 only contains FABP2, whose product binds LCFAs alone. Most FABP proteins show high-affinity binding of hydrophobic ligands in a 1:1 stoichiometry, though FABP1 can bind these bulkier ligands and accommodate up to two LCFA molecules per protein molecule due to its larger cavity volume [13, 14] . In addition, FABP genes can protect eicosanoid intermediates against peroxidation via binding these substrates, suggesting antioxidant-type behavior in mice [15] . These results indicate that FABPs play diverse roles in regulating metabolism. Indeed, studies with FABP1-null mice show that the stability of fatty acids in the liver decreases rapidly, implying that FABP1 acts as the transporter mediating the anabolism of FAs [16, 17] . Studies on FABP4 support a role in the triacylglycerol (TG) storage of adipose tissue in chicken [18] . In addition, under high-fat diet conditions, male FABP2-null mice exhibited increased hepatic triacylglycerol (TG) deposition, as compared to corresponding wild-type mice, which may be associated with the specific role of FABP2 in intestinal TG synthesis and/or transport [19] .
Each FABP gene exhibits specific expression patterns of tissue, but they are expressed most abundantly in tissues involved in tissue-specific coordinated lipid responses, such as liver, adipose, and small intestine, where fatty acids are major materials for lipid metabolism [12, 20] . The liver is the major site of fatty acid synthesis and transport, however, and compared with other FABPs, FABP1 is the only one expressed abundantly in rat livers [21] . The small intestine is the site of the assimilation of dietary lipids via the enterohepatic circulation, where FABP1 and the FABP2 are expressed at high levels during mouse enterocyte differentiation [22] . It is clear that no FABP is specifically expressed in a single tissue and most tissues express several FABP isoforms, but the regulatory mechanisms of the tissue-specific expression and biological functions of various FABP genes is poorly understood.
Previous studies have reported nine separate FABP genes in the chicken genome, namely, FABP1-8 and FABP10 [23] . Studies on FABP1(also known as L-FABP) and FABP10 (also known as LbFABP) have revealed that FABP1 is highly expressed in chickenlivers and intestines, whereas FABP10 is specifically expressed in livers [24] . Further investigations suggest that these two genes' expression is associated with abdominal fat weight in chickens [25, 26] . In addition, northern blot analysis indicates that FABP3 (also known as H-FABP) is expressed in a wide variety of chicken tissues, and FABP4 (also known as A-FABP) is mainly expressed in adipose tissue [18, 27] . The mRNA level of FABP4 in adipose tissue is significantly correlated with intramuscular fat in BeijingYou chicken and Jingxing chicken [28] . No more detailed characteristics of the temporal or spatial expression of the FABP family are known in chickens.
It has been demonstrated that transcriptional regulation of FABP genes is associated with the PPAR signal pathway [29] . The PPARα-mediated signaling pathway accelerates β-oxidation in human livers [29] , PPARγ plays an important role in lipid storage in chicken adipose tissue [30] , and PPARβ is known to regulate chicken fat deposition [31] . PPAR transcription factors affect lipid storage and metabolism by regulating downstream target genes that have functional peroxisome proliferator response element (PPRE) sites on their promoters. The PPRE site is made up of a relatively poorly conserved 5 flanking region (5 FR) (underlined: 5 -CAAAACAGGTCANAGGTCA-3 ) and a conserved direct repeat element (DR1) (underlined: 5 -CAAAACAGGTCANAGGTCA-3 ) [32] . DR1 sequences affinity the PPAR complex directly, and 5 FR may distinguish the different PPAR subforms selectively [33] . Previous studies describe that ligands such as fatty acids or other hydrophobic agonists bind these transcription factors, and control the transcription of FABP1, FABP3, FABP4 and FABP5 in C2C12 myoblasts and mouse keratinocytes [34, 35] . PPARs may interact with NF-κB or AP-1 molecules to facilitate repression of gene transcription in immune system [36] . In addition, FABP proteins can bind FA to activate PPAR and retinoid X receptor (RXR) heterodimers in the nucleus [34] , suggesting feedback in the FA-PPAR-FABP pathway. Whether and how PPARs regulate the FABP genes in chickens is not known.
The liver is extremely important in lipid metabolism in chickens, and the progression of lipid metabolism is largely regulated by estrogen [37] . With sexual maturity of the hen, the plasma estrogen level reaches a peak and then gradually declines, but remains higher during the peak laying period [38] [39] [40] . Mechanistically, estrogens dimerize with their nuclear hormone receptors, including ERα and ERβ in the cellular cytosol in mice [41, 42] . Thereafter, the dimers activate the transcription of their target genes directly or indirectly by binding classical estrogen response elements (ERE) [43] . Previous studies demonstrate that the expression of the acyl-CoA synthetase family 1 (ACSF1) gene was upregulated directly by ERα in chickens [44] . The cathepsin E-A-like gene increases during the sexual maturation of chicken, suggesting that the regulatory effect is predominantly mediated through ERβ in the livers of chickens [45] . In addition, ER would change the gene expression when an AP1 site occurs in its promoters [46, 47] . Whether and how estrogen regulates the expression of FABP genes in chickens is not yet known.
In the current study, protein motif composition, gene organization, and the evolutionary history of the FABP family in chickens were analyzed comprehensively. The expression profiles and regulatory mechanisms were explored (Supplementary Figure S1 ). Our findings have paved the way for further functional characterization of FABP gene family in chicken.
Results

Identification and Domain Analysis of FABP Genes in Chicken
A total of fourteen protein sequences were acquired by HMM analysis and BLASTP against the protein sequences of known members of the FABP gene family ( Figure 1 ). In order to distinguish different subfamilies of these protein sequences, an unrooted evolutionary tree was constructed to classify all of the sequences (Figure 1 ). The results suggest that two proteins, namely, CRABP1 (NP_001025710.1) and CRABP2 (XP_015153912.1), belong to the CRABP family, and three proteins; namely, RBP1 (NP_001264345.1), RBP2 (NP_001264346.1), and RBP7 (XP_417606.4), belong to the RBP family, with the five proteins clustered in a distinct group (Figure 1) . Given that CRABPs, RBPs, and FABPs belong to a common iLBP superfamily, they share certain sequence similarities. Therefore, the two CRABP genes and three RBP genes were artificially removed from the list of fourteen putative chicken FABP genes. Finally, nine genes were identified in the chicken FABP gene family (Supplementary Table S1 ). The chicken FABP genes were grouped into two clusters according to their evolutionary relationships ( Figure 1 ). Genomic location, amino acid (aa) number, molecular weight (MW), and isoelectric point (pI) are shown in Supplementary Table S1 . Among the nine FABP proteins, FABP6 was identified to be the smallest (115 aa residues), whereas FABP5 was the largest (134 aa residues). The MW of the proteins ranged from 128.6 to 157.5 kDa, and the pI ranged from 5.33 (FABP6) to 8.53 (FABP10). It is known that all FABP family members contain a conserved fingerprint domain, from teleost fishes to mammals (PRINTS pattern FATTYACIDBP; PR00178), which is divided into three motifs. In this study, the conserved FATTYACIDBP domain was also identified in chicken FABP proteins ( Supplementary Table S2 ). The sequence similarity between the FATTYACIDBP1 sites ranged from 30.43% to 47.83%, whilst FATTYACIDBP2 ranged from 35.29% to 64.71%, and FATTYACIDBP3 from 22.73% to 40.91%. Further investigations found that the protein sequence similarity among members of the FABP family in chickens ranged from 25.37% to 39.37% (Supplementary Figure S2 ).
Phylogenetic Analysis and Gene Structure of Chicken FABP Genes
To analyze the phylogenetic relationships of chicken FABP genes, the coding sequence (CDS)of chicken FABP members were retrieved from GenBank to construct a root tree. The location of the deepest branch (i.e., duplication of the primordial FABP gene) was determined by including a zebrafish FABP11a sequence (outgroup) during tree reconstruction (Figure 2a ). Zebrafish FABP11a was estimated to have diverged approximately 700 MYA, in line with a previous study [48] . The divergence time between clusters 1 and 2 was estimated. The earliest chicken FABP gene duplication probably occurred at more than 550 MYA. Two clusters were estimated to have diverged approximately550 MYA. In cluster 1, FABP2 diverged with other FABPs approximately 440 MYA. The results indicate that chicken FABP genes were grouped into two clusters. FABP10, FABP1, and FABP6 emerged via a latest common ancestral gene approximately from 120 to 80 MYA. The GFF database was used to investigate the gene structure of chicken FABPs. The visualized gene structure of chicken FABP genes with the CDS and untranslated region (UTR) at the genomic level is seen in Figure 2b . The conserved chicken FABP genes consisted of four exons and three introns, except FABP6, which had six exons ( Supplementary Table S3 ). According to the GeneBank database, the number of amino acids was similar within every exon of the chicken FABP genes, but the intron length varied. Typically, the lengths were 24-33 amino acids encoded by exon 1, 57-58 amino acids by exon 2, 30-42 amino acids by exon 3 and 16-17 amino acids by exon 4 ( Supplementary Table S3 ). FABP6 possessed the longest 5' UTR sequence and the smallest 3' UTR ( Figure 2b ).
Tissue Distribution of Chicken FABP Genes
To determine the expression pattern of FABP genes in chickens, cDNAs synthesized using RNAs isolated from 12 different tissues of 20-week-old Lushi chickens were used for PCR. It was shown that FABP1, FABP6, FABP7, and FABP10 were highly expressed in the liver, while FABP2 and FABP8 were highly expressed in the glandular stomach and hypothalamus, respectively. The other members of the FABP gene family were universally expressed in various tissues (Figure 3 ). 
Dynamic Expression Profiles of FABP Genes in Liver of Chicken
The dynamic expression profiles of FABP genes in the liver were investigated by qPCR. The results showed different expression trends in the livers of pre-laying hens (20 weeks old) and peak-laying hens (30 weeks old). The expression levels of FABP1, FABP3, and FABP10 increased with sexual maturation, while the expression levels of FABP5 and FABP7 significantly decreased, and FABP2, FABP4, and FABP6 showed no changes ( Figure 4 ).
Characteristics of Chicken FABP Promoters
To gain an insight into the regulatory mechanisms of the expression of FABP genes, 2 kb of upstream sequences from the TSS of FABP genes were retrieved, and putative EREs, AP-1, and PPREs were analyzed. The results indicate that a putative ERα binding site occurs in the promoter regions of the FABP1 and FABP3 genes, a putative ERβ site occurs in the promoter regions of the FABP3 and FABP10 genes, and a putative AP-1 site occurs in the promoter region of the FABP5 gene ( Table 1 , Supplementary Figure S3 ). In addition, a putative PPRE was found in the FABP1, FABP3, FABP5, FABP7, and FABP10 promoter regions ( Table 2 ). 
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-AGGTCAGCAACCCCT Fraction similarity is calculated based on the consensus of sequences. Briefly, the nucleotides complete matching were assigned a score of '1', and the score of conservative substitution is 0.5 (i.e., purine to purine and pyrimidine to pyrimidine) [49] . Otherwise, if the similarity (% similar) of 5'FR > 0.5, it is judged to be regulated by PPARα, otherwise it is related to PPARγ; if the DR1 sequence is greater than 0.5, it is judged to be regulated by PPAR.
Effect of Estrogen on the Expression of Chicken FABP Genes In Vivo and In Vitro
To verify the effect of estrogenon the transcriptional regulation of FABP genes in vivo, the expression levels of FABP genes in the liver of chickens treated with 17β-estradiol were analyzed using qPCR. The results show that the mRNA levels of FABP1, FABP3, and FABP10 were significantly up-regulated in the liver of treated groups in comparison to that in the control group (Figure 5a ). This result was further confirmed in chicken primary hepatocytes and LMH cells treated with 17β-estradiol (Figure 5b,c) . The transcriptional levels of the other FABP genes were unchanged under 17β-estradiol treatment.
To further define the unique ER sub-forms that mediate estrogen's effect on the expression of the FABP1, FABP3, and FABP10 genes, chicken primary hepatocytes were co-treated with 17β-estradiol and specific ER antagonists, respectively. The expression levels of FABP1 and FABP3 were significantly inhibited when the cells were cotreated with 17β-estradiol and either MPP, TAM, or ICI (Figure 5d ), whereas FABP10 mRNA was downregulated only when the cells were co-treated with either TAM or ICI (Figure 5d ). The results suggest that 17β-estradiol up-regulated the expression of both FABP1 and FABP3 via ERα, and FABP10 via ERβ in chicken hepatocytes and LMH cells. 
Effect of PPAR Agonists on the Expression of Chicken FABP Genes
Previous studies report that the PPAR pathway is associated with the transcriptional activation of FABP genes. The expression profiles of PPARα and PPARβ show a significant increase, while expression level of PPARγ mRNA showed a decrease in the liver of 30 weekold peak-laying hens compared to 20 weekold pre-laying hens ( Figure 6 ).
To decipher the effects of 17β-estradiol on the mRNA expression of PPAR isoforms, RT-qPCR was performed to detect the expression of PPAR isoforms in estrogen-treated livers, hepatocyte, and LMH cell models. The results show that 17β-estradiol did not affect the mRNA levels of PPAR isoforms in vivo (Figure 7a When the LMH cells were treated with different doses of the PPARα agonists WY14, 643 for 24 h, the expression level of acyl-coenzyme A oxidase 1 (ACOX1) was significantly increased, which showed a positive response to WY14,643 treatment [50] (Figure 8a) . The mRNA levels of FABP1 were significantly decreased, whereas FABP10 appeared to have the reverse trend (Figure 8a) . The transcriptional levels of the other FABP genes were unchanged under WY14,643. 1 Figure 8 . PPAR agonists regulated the expression of chicken FABP genes in LMH cells. The expression of seven FABP genes, including FABP1, FABP3,FABP4, FABP5, FABP6,FABP7 and FABP10 which expressed in chicken liver, were quantified by qPCR after WY14643, GW0742, or rosiglitazone treated for 24 h. The terminal concentration of PPAR agonists were 1 nM, 10 nM, and 100 nM, respectively. (a) The expression of ACOX1 targeted by PPARα, were activated when treated by WY14, 643. The FABP1 mRNA expressions were negatively regulated following the increasing dose of WY14, 643, while the FABP10 level was increased; (b) The expression of PDK4 targeted by PPARβ, were activated when treated by GW0742. The expression of FABP1 was down-regulated whereas the transcripts level of FABP3 and FABP10 were promoted in a high terminal concertration; (c) The expression of VCAM-1 targeted by PPARγ, were activated when treated by rosiglitazone. The expression of FABP1 were upregulated in a lower dose of rosiglitazone, however, the effect were significantly reversed in a high concertration (100 nM). The transcripts level of FABP3, FABP7, and FABP10 were upregulated. Each value is represented the mean ± SE (n = 6). Student's t test was used to determine the statistical significance. * p < 0.05, ** p < 0.01, *** p < 0.001.
When the LMH cells were treated with different doses of the PPARβ agonists GW0,742 for 24 h, the expression level of pyruvate dehydrogenase kinase-4 (PDK4), which has shown a positive response to GW0,742 treatment [51] , was significantly increased. The expression of FABP1 was significantly downregulated (Figure 8b) . The transcriptional levels of FABP3 and FABP10 were increased (Figure 8b) . The mRNA levels of the other FABP genes were unchanged after exposure to GW0,742.
Finally, when the LMH cells were treated with different doses of the PPARγ agonists rosiglitazone for 24 h, the expression level of vascular cell adhesion molecule 1 (VCAM-1), which has shown a positive response following rosiglitazone treatment [51] . The transcriptional level of FABP1 mRNA in LMH cells treated with rosiglitazone at 1 or 10 nM for 24 h was significantly increased (Figure 8c ). In contrast, higher concentrations of rosiglitazone (100 nM) significantly decreased FABP1 lmRNA after 24 h (Figure 8c ). The expression of FABP3, FABP7, and FABP10 was significantly upregulated after exposure to rosiglitazone (Figure 8c ). The transcriptional levels of the other FABP genes were unchanged.
Discussion
FABPs are known to bind free fatty acids and transport them to different organelles for lipid metabolism or storage [52] . To date, all vertebrates contain FABP1, FABP2, FABP3, FABP6, and FABP7 genes among a total of twelve FABP genes [4] . In this study, fourteen different sequences were identified by initial search of chicken genome using human FABP protein sequences as queries. To accurately distinguish chicken FABP genes from these sequences, the unrooted evolutionary tree were constructed with fourteen protein sequences. The result demonstrated that nine FABP genes existed in chicken genome ( Supplementary Table S1 ). Subsequently, a rooted tree was used to estimate the divergent time among nine members of chicken FABPswith CDS sequences. Similar to mammals [6] , the sequences of the FATTPACIDBP domain show low homology among these nine chicken FABP genes. Seven chicken FABP genes, named FABP1, FABP2, FABP3, FABP4, FABP5, FABP6, FABP7, and FABP8, also present in the mammalian lineage, would have been inherited from their common ancestor. This FABP diversity likely arose from the two successive rounds of whole genome duplication (WGD) that occurred in early vertebrates [53, 54] . In contrast, FABP9 and FABP12 appear restricted to mammals [55] , but FABP10 has been proposed in avian and teleost [56] , revealing the relevance of FABP gene degeneration or duplication in the divergence of these chicken FABP genes from those of other vertebrates [23, 53] . A previous study suggested FABP10 originated before the most recent common ancestor (MRCA) of tetrapod and bony fish [23] . This viewpoint further illustrates that the FABP10 gene in chicken is a copy of an ancestral FABP whose duplication occurred prior to the divergence of fish and tetrapod. Due to the occurrence of new WGD events and subsequent tandem duplication of FABP genes, more members formed in the FABP gene family [57] . The zebrafish have FABP1a, FABP1b.1 and FABP1b.2 and FABP7a/FABP7b [58] . Duplicated genes undergo non-functionalization, sub-functionalization or neo-functionalization, which may result in these paralogous genes appearing in different species [59] . A timescale is necessary for estimating rates of molecular change in organisms so we can interpret patterns of macroevolution, the molecular timescale of avians was estimated to begin 310 million years ago (MYA) [60] . In this study, the time tree showed that chicken FABP6 and FABP10 appeared posterior to teleost fish (~564 MYA) [60] . Duplications of other chicken FABPs may have occurred after the MRCA of mammals (synapsids) and birds (diapsids) diverged. These considerations may provide a further clear phylogenetic relationship of chicken FABP genes.
In the detection of male SD rats, FABPs are involved intracellular fatty acid transport in various tissues [61] . Therefore, basal expression cartography of FABP genes in chicken tissues was done for the first time in our study. Our semi quantitative results show that chicken FABPs exhibit tissue expression specificity. For example, FABP2 and FABP8 were not expressed in chicken liver, nor were FABP4, FABP6 and FABP10 in skin. Indeed, previous reports have shown that FABPs are selectively expressed in different tissues [62] , among which FABP2, FABP8, and FABP12 may exhibit tissue-specific expression patterns in intestine, medulla, and testis, respectively (in mammals) [63, 64] . Compared with mammals, chicken FABPs are more widely expressed in various tissues, which seem to imply that FABPs play important roles in regulating metabolism, expected binding and trafficking hydrophobic ligands.
The liver is the main organ for lipid metabolism in chickens [37] . With the arrival of sexual maturity and the peak laying period, liver lipid metabolism is accelerated to meet the needs of egg yolk formation in laying hens [65] . It is generally agreed that estrogen plays vital roles in lipid metabolism in chickens [38] . In this study, we found that the expression levels of FABP1, FABP3, and FABP10 were significantly increased, while the expression levels of FABP5 and FABP7 decreased from 20 weeks old (pre-laying stage) to 30 weeks old (peak laying stage). To explore whether the changes in the expression levels of FABPs between pre-and peak-laying hens were caused by changes of estrogen concentration, experiments in vivo and in vitro were set up. The results indicated that FABP1, FABP3 and FABP10 were significantly upregulated by 17β-estradiol administration. Further investigation showed that the effects of 17β-estradiol on promoting FABP1 and FABP3 expression could be partially inhibited by either the ER α antagonist MPP, or the ER α and ER β antagonists TAM and ICI 182,780, and the effects on promoting the expression of FABP10 could only be repressed by TAM or ICI. It has been proven that MPP inhibits target genes by binding to ERα selectively [60] . TAM, as a synthetic estrogen antagonist, can repress the transcriptional activity of target genes via ERs [61] . ICI is a high-affinity estrogen receptor ligand for ERα and ER β [66] . Therefore, we inferred that the transcription of FABP1 and FABP3 were activated by estrogen via ERα, and that FABP10 was activated by estrogen via ERβ (Supplementary Figure S4) . Regarding the mechanism for the reduction of FABP5 and FABP7 expression levels during the peak-laying period in hens, further investigation is required. We speculate that FABP1, FABP3, and FABP10 play key roles in exerting their functions in the liver in laying hens.
PPAR transcription factors regulate the expression of genes involved in lipid metabolism [67] . Previous studies suggested that differential expression patterns of PPAR-isoforms contribute to acquisition of differential expression of target gene, and these isoforms could bind to similar PPREs because the DNA-binding domain is the most conserved region among different PPAR isotypes [68, 69] . However, study in zebrafish showed that PPAR transcription factors respond PPRE sites are preferentially bound by one of three PPAR isoforms [67] . In this study, we found that FABP3 mRNA levels were positively affected byPPARβ and PPARγ agonists, the transcripts of FABP7 were only activated by tested PPARγagonists, and FABP10 responded positively to all tested PPAR agonists, but the expression levels of FABP1 declined continuously as the concentrations of WY14,643 and GW0,742, agonists of PPARα and PPARβ, respectively, increased, agreeing with the previous study which concluded that tested PPAR-isoform agonists can specifically perform the actions mediated by PPARs and then upregulate the expression of target genes at the transcriptional level [33] .Previous studies demonstrated that PPARγ mRNA level is reduced upon exposure to high concentrations of PPARγ agonists (>10 µM), including rosiglitazone and pioglitazonein HepG2 cells [70] . The results suggest that the expression of FABP1 may be upregulated by tested PPARγagonists. In addition, though a PPRE was predicted in the FABP5 promoter region, no effect of tested PPAR agonists on its expression was found. Taking all of the expression profiles of FABP genes and PPAR isoforms in the liver, between pre-and peak-laying hens, and the results of the PPAR-isoform agonist treatment experiments into consideration, we speculate that upregulated PPARα may increase the expression level of FABP10, PPARβ might contribute to the increase in the mRNA level of FABP3 and FABP10, and PPARγ might contribute to the decrease in the expression level of FABP7 in the livers of hens at the peak-laying stage (Supplementary Figure S4) . However, whether PPARs are responsible for the increase the expression of FABPs still needs further study.
It has been previously reported that 17β-estradiol can interfere with PPARα-mediated actions, which leads to downregulation of the expression of genes targeted by PPARα in mice both differentiated C2C12 myotubes and skeletal muscle [71] . In addition, ER and PPAR can bind PPRE sites with high affinity, resulting in repression of genes targeted by PPARs [72] . For example, 17β-estradiol can attenuate the effects of fenofibrate to induce the expression of genes targeted by PPARα in mice [73] . However, our results imply that estrogen and PPARs independently exert their effects on the transcriptional regulation of FABP genes in the liver of chickens. The regulatory mechanisms of genes mediated by estrogen and PPARs remain to be studied.
Materials and Methods
Ethics Statement
The Animal Care Committee of Henan Agricultural University (Zhengzhou, China) approved this study (approval number 11-0085).
Identification and Classification of FABP Gene Family Members from the Chicken Genome
The chicken protein sequence database (GRCg6a. protein. fa) was downloaded from the National Center for Biotechnology Information Search database (NCBI, https://www.ncbi.nlm.nih.gov/genome/ ?term=CHICKEN). All twelve known FABP protein sequences were used as a query template ( Supplementary Table S4 ) to build multiple alignment models according to domain similarity using hidden Markov model software (HMMER_build 3.0) to retrieve the possible chicken FABP proteins according to the default parameters [74] . In addition, a local Protein Basic Local Alignment Search Tool (BLASTP) analysis was used to identify the FABP with an e-value ≤ 1 × 10 −10 in GRCg6a based on the same template protein sequences ( Supplementary Table S4 ) [75] .
In order to cluster different subfamilies of these sequences, all of the screened amino acidsequences were used to analysis phylogenetic relationship based on the maximum likelihood method by MEGA 7.0 to confirm them as members of the chicken FABP gene family [76] .
Sequence Similarity and Domain Characterization
Alignment of FABP sequences from chicken was performed using ClustalW [77] . Percentage amino acid sequence identity and sequence similarity were determined using the BLOSUM62 matrix algorithm [78] . The conserved three-element fingerprint is a signature for all FABPs. To identify the FATTYACIDBP domains of chicken FABP, the sequences were submitted to the online software InterPro (https://www.ebi.ac.uk/interpro/beta/) with the default parameters to deduce amino acid sequences. The conserved three-element fingerprint domain FATTYACIDBP sequence of chicken FABPproteins was also characterized by ClustalW multiple-sequence alignment analysis with default parameters [77] . Lengths of sequences, molecular weights, and isoelectric points of identified FABP proteins were obtained from the ExPASy website (https://web.expasy.org/protparam/).
Phylogenetic Analysis and Annotation of Gene Structure of the Chicken FABP Gene Family
The phylogenetic trees were inferred using the maximum likelihood method in MEGA 7.0 with default parameters [79] . Zebrafish FABP11a (accession number NC_007130.7), whose gene duplication times have been estimated at~679 to~450 million years ago (MYA) [48] , was used as an outgroup. The time-tree was generated using the RelTime method based on the CDS sequences of chicken FABPs [80] . Divergence times for branching points in the topology were calculated based on the JTT matrix-based model [81] . To determine the gene structure of chicken FABPs, the general feature format (GFF) database of chicken FABPs from NCBI was used as a reference. The visualization of exon-intron organization was acquired by TBtools software [82] .
Predicted Regulatory Elements in the Promoter Regions of Chicken FABP Genes
The promoter region sequences of FABP genes were extracted within the 2.0 kb upstream of the FABP gene transcription start sites (TSS). The putative EREs (MA0112.3; MA0258.1), and PPREs (MA1148.1; MA0065.1) were acquired from the JASPAR vertebrate matrix group (http://jaspar.genereg.net/). Then, the promoter sequence was submitted to MEME FIMO to scan for individual matches to each ERE and PPRE (http://meme-suite.org/tools/fimo). The other regulatory elements were predicted by submitting sequences to JASPAR 5.0 online software (http://jaspar.genereg.net/) and visualized according to the operational guidelines of TBtools [82] .
Animals, Estrogen Treatments, and Sampling
Sixteen female Lushi blue-shelled-egg chickens, raised in the same environment conditions, were killed at the age of 20 or 30 weeks old, respectively. Eight chickens were randomly selected for execution in each period. Tissues including heart, abdominal fat, liver, pectoral muscle, kidney, spleen, glandular stomach, duodenum, lung, pancreas, and adrenal glands were quickly removed, snap-frozen in liquid nitrogen and stored at −80°C prior to use.
At 10 weeks old, 40 female Lushi blue-shelled-egg chickens were randomly divided into 4 groups, with 10 chickens in each group. The first three groups were experimental design groups and were injected intramuscularly with 0.5, 1.0, and 2.0 (mg/kg body weight) of 17 β-estradiol (Sigma, St. Louis, MO, USA) dissolved in olive oil, respectively. The control group of chickens was injected intramuscularly with the same volume of solvent (olive oil) only. All chickens were killed 12 h post injection with their livers snap-frozen in liquid nitrogen and stored at −80°C until use.
Chicken Embryonic Primary Hepatocyte Culture and Treatments
Hepatocytes were isolated from the livers of chicken embryos incubated for 18 days according to the method described previously [83] . Briefly, fresh embryonic livers were shredded and washed to remove the impurities with PBS. Fragmented liver tissue was then digested by collagenase type V (Sigma) for 10 min and filtered by 500-, 200-, and 100-mesh filters. The hepatocytes were purified by non-continuous Percoll (Sigma) density-gradient centrifugation and washed three times with PBS.
Hepatocytes were suspended in Williams' E complete medium (Sigma) containing 10% fetal calf serum (Gibco Corp., Carlsbad, CA, USA) to a concentration of 1 × 106 cells/mL, followed by plating into 12-well dishes. When cells had grown to 80-90% confluence, the medium was replaced with serum-free medium containing 100 U/mL penicillin and 100 mg/mL streptomycin solution and incubated for 6 h. The cells were then divided into four groups with three biological repetitions in each group. We treated the first three groups with 17β-estradiol at final concentrations of 25 nM, 50 nM, and 100 nM. The last group was treated with vehicle (0.1% ethanol) as a control. Finally, the cells were harvested 24 h later, and the expression of genes were detected by fluorescence real-time quantitative PCR (qPCR). The experiments were repeated three times independently.
It is known that 1,3-bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy) phenol]-1Hpyrazoledihydrochloride (MPP) is highly selective for ERα. Tamoxifen (TAM) and ICI 182,780 (ICI) (Sigma) are the primary antagonists for ERα and ERβ [84] . To further understand how estrogen regulates the expression of individual FABP genes, primary hepatocytes were divided into five groups with six replicates in each group. Cells were starved for 6 h when they grew to 80% confluence. Then, the first three groups were treated with 1 µM of ER subtype antagonists, MPP, TAM, and ICI (Sigma) dissolved in absolute ethanol. After 6 h, the cells were treated with 17β-estradiol at a final concentration of 100nM and harvested after 12 h. The cells in the fourth group served as controls and were treated with vehicle (0.1% absolute ethanol) alone for 6 h when they grew to 80% confluence and were then treated with 17β-estradiol at a final concentration of 100nM for 12 h. The gene mRNA levels were then detected by qPCR. The experiments were repeated three times.
Chicken LMH Cell Culture and Treatments
The LMH cell line was established from chicken primary hepatocellular carcinoma cells, which are a valuable tool to explore the chicken lipid mechanism of the liver [85] . The LMH cells were suspended in DMEM modified eagle medium (Gibco) with 1% penicillin and streptomycin solution and 10% fetal calf serum (Gibco) to a concentration of 1 × 10 5 cells/mL, followed by plating into 12-well dishes. The treatment methods of 17 β-estradiol were similar to those for chicken embryonic primary hepatocytes mentioned above.
Each of the PPARα, -β, and -γ subtype antagonists, corresponding to WY14, 643 (Sigma), GW0, 742 (Sigma), and rosiglitazone (Sigma), were dissolved with 10 mg/mL in DMSO and then mixed with complete medium to a final concentration of 1 nM, 10 nM, and 100 nM, respectively. In order to establish whether and demonstrate how PPAR subforms regulate the expression of FABP genes, LMH cells were divided into eleven groups with six replicates in each group. When cells grew to 80% confluence, the first nine groups were treated with PPARα, -β, or -γ subtype antagonists at different concentrations. The cells in the tenth group served as a control group and were exposed to 0.5% DMSO, and the cells in the eleventh group served as a blank group and were cultured with complete medium throughout. The cells were harvested after 48 h of treatment, and changes in gene expression were detected by qPCR. The experiments were repeated three times independently.
RNA Extraction and Complementary DNA (cDNA) Synthesis
Total RNA was extracted from tissues and cells using Trizol reagent (Takara Bio Inc., Kyoto, Japan) according to the manufacturer's protocol. The RNA integrity was determined by 1.5% denaturing agarose gel electrophoresis, and the purity and concentration were measured using NanoDrop2000 (Thermo Scientific, Wilmington, DE, USA). cDNA was synthesized with a PrimeScript™ RT reagent Kit (Takara Co. Ltd. Dalian, China) according to the manufacturer's protocol and then stored at −20 • C until use.
Real-Time Quantitative PCR (RT-qPCR)
qPCR was conducted in a Roche LightCycler®96 Instrument (Roche, CA, Switzerland) using TB Green™ Advantage®qPCR Premix (Takara, Kyoto, Japan). The qPCR primers of chicken FABPs and other genes were synthesized at Shanghai Sangon Biotech company (Shanghai, China) ( Supplementary  Table S5 ). qPCR was performed in a 10 µL reaction volume containing 1 µL of cDNA, 5 µL of TB Green RT-qPCR Mix, 0.5 µL of each forward and reward primer (10 µM each), and 4µL double-distilled water. The qPCR procedure was as follows: 95 • C for 30 s; 35 cycles at 95 • C for 5 s, 59.4 • C for 30 s, and 72 • C for 30 s; followed by 72 • C for 5 min. The housekeeping gene β-actin served as an internal control for normalization. All reactions were performed in triplicate. The relative gene expression was quantified using the comparative threshold cycle (2 −∆∆CT ) method.
Statistical Analysis
All the experimental data are expressed as the mean ± SE and were processed using the statistical software SAS 9.1.3 (SAS Institute Inc., Raleigh, NC, USA). Statistical significance was determined using the t-test with SPSS version 23.0 (IBM, Chicago, IL, USA). p < 0.05 is considered a significant difference between groups.
Conclusions
A total of nine genes were identified in the chicken FABP gene family via genome-wide analysis. Phylogenetic analysis classified the FABP genes into two clusters with similar gene structures and conserved FATTYACIDB motifs. The expression patterns of the genes in different tissues implies that the FABP genes might play diverse roles in regulating lipid metabolism. Further bioinformatics analysis combined with in vivo and in vitro experiments demonstrate that estrogen and PPARs independently exert their effects on the transcriptional regulation of FABP genes in the liver of chicken. The increased expression levels of FABP1, FABP3, and FABP10 in the liver of peak-laying hens is regulated by estrogen, and the decreased expression level of FABP7is regulated by PPARγ. Meanwhile, PPARγ might contribute to the increased expression levels of FABP3, and PPARα, -β and -γ contribute to the increased expression level of FABP10 (Supplementary Figure S5 ). These results serve as a fundamental resource for better understanding the biological functions of individual FABP genes in chicken. 
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